During innate immune responses, the inflammatory CC chemokine receptors CCR1, CCR2, and CCR5 mediate the recruitment of blood monocytes to infected tissues by promoting cell migration in response to chemokines CCL2-5. Toll-like receptors also play an essential role, allowing pathogen recognition by the recruited monocytes. Here, we demonstrate that Toll-like receptor 2 (TLR2) stimulation by lipoteichoic acid (LTA) from Staphylococcus aureus leads to gradual down-modulation of CCR1, CCR2, and CCR5 from the plasma membrane of human blood-isolated monocytes and inhibits chemotaxis. Interestingly, LTA does not promote rapid desensitization of chemokine-mediated calcium responses. We found that the TLR2 crosstalk with chemokine receptors is not dependent on the Toll/interleukin-1 receptor domain-containing adaptor protein, but instead involves phospholipase C, the small G protein Rac1, and is phorbol ester sensitive. Activation of this pathway by LTA lead to ␤-arrestin-mediated endocytosis of Ser349-phosphorylated CCR5 into recycling endosomes, as does CCL5 treatment. However, LTA-induced internalization of CCR5 is a slower process associated with phospholipase C-mediated and phorbol ester-sensitive phosphorylation. Overall, our data indicate that TLR2 negatively regulates CCR1, CCR2, and CCR5 on human blood monocytes by activating the machinery used to support chemokine-dependent down-modulation and provide a molecular mechanism for inhibiting monocyte migration after pathogen recognition. (Blood. 2011;117(6): 1851-1860)
Introduction
Chemokine receptors are 7-transmembrane G protein-coupled receptors (GPCRs) expressed on hematopoietic cells and involved in the development, maintenance, and host defense activities of the immune system. Some chemokine receptors have a homeostatic role, whereas others are considered as inflammatory and implicated in immune responses. Chemokine receptors are particularly important for the function of leukocytes because they regulate their traffic within the immune system and their positioning in different tissues of the body. 1 This is the case for the 3 inflammatory CC chemokine receptors CCR1, CCR2, and CCR5 found on the surface of leukocytes and responsible for the recruitment of these cells to sites of infection or injury. 2 The fundamental role of chemokine receptors is to transmit information about the extracellular environment to the interior of a cell. Chemokine binding and activation of their receptors on the surface of target cells initiates a cascade of intracellular events that culminate in biologic effects. 2, 3 Binding of the CC chemokine ligand 3 (CCL3)/macrophage-inflammatory protein-1␣ and CCL5/regulated on activation normal T-cell expressed and secreted or CCL2/monocyte chemotactic protein-1 activates the receptors CCR1 and CCR5 or CCR2, respectively, and triggers directed-leukocyte movement (chemotaxis). Leukocytes expressing all 3 receptors are CD14 ϩ monocytes that contribute to the innate immune defense against pathogens, and they represent 95% of human circulating blood monocytes. 4, 5 During infection, these monocytes transmigrate from blood vessels into tissues attracted by CCL2 secreted from endothelial cells and macrophages, before moving toward the site of infection in response to CCL3 and CCL5 released by activated tissue macrophages. 6 The recognition of pathogens by recruited monocytes is mediated by pattern recognition receptors. In the case of Gram-positive bacteria such as Staphylococcus aureus one of these pattern recognition receptors, the Toll-like receptor 2 (TLR2), is responsible for the recognition of bacterial cell-wall components and is essential for protective innate immune responses. 7 Pathogen recognition triggers TLR2 activation, which can induce diverse cell responses through different signaling pathways. There is evidence of distinct proinflammatory and proadhesive responses occurring by Toll/interleukin-1 receptor domain-containing adaptor molecules (TIRAP) and MyD88-dependent or -independent signaling pathways. [8] [9] [10] [11] Interestingly, a recent study has shown that a TLR2 ligand (Pam3CSK4) suppressed the migration of mouse leukocytes, including monocytes, by down-regulation of CCR1, CCR2, and CCR5 gene expression. 12 Another study that used the bacterial wall component lipoteichoic acid (LTA) showed that this TLR2 ligand blocked the chemotactic activity of mouse neutrophils by inhibiting cell-surface expression of another chemokine receptor, CXC chemokine receptor-2 (CXCR2). 13 These findings suggest a general mechanism of cross-regulation between TLR2 and chemokine receptors that could be important to retain migrated cells at sites of infection. However, the molecular mechanisms and intracellular pathways involved have not yet been elucidated.
The regulation of chemokine receptor expression on cells can occur by 2 means: one slow, known as downregulation (within hours), with long-term effects on gene expression and mRNA stability; the other rapid and termed down-modulation (within minutes), affecting temporarily the level of active receptors present at the plasma membrane. 14, 15 Down-modulation of chemokine receptors is part of the process of desensitization, which allows cells to fine-tune their response to chemokine stimulation. Classically, desensitization aims to rapidly inactivate chemokinestimulated receptors and involves phosphorylation of serine residues in the receptor cytoplasmic tail by a G protein-coupled receptor kinase (GRK). This is followed by ␤-arrestin binding to the phosphorylated receptor, which uncouples receptors from G proteins, preventing further downstream signaling events, and removal of these receptors from the cell-surface by endocytosis. 16, 17 However, chemokine-independent or heterologous desensitization also occurs. It is because of crosstalk with other surface receptor pathways, which can involve either direct receptor interactions, communication at the G protein level, or cross-talk from downstream signaling cascades. 18 Here, we delineate a pathway of heterologous down-modulation for CC chemokine receptors on human blood monocytes triggered by the TLR2-specific ligand LTA and regulating chemotaxis in a TLR2-dependent manner. This is a Ras-related C3 botulinum toxin substrate 1 (Rac1)-and phospholipase C (PLC)-mediated but TIRAP-independent response that, in the case of CCR5, triggers ␤-arrestin-mediated endocytosis of phosphorylated receptors. Our results indicate that the TLR2 activation pathway feeds into the normal chemokine-mediated pathway of down-modulation to desensitize CC chemokine receptors in human blood monocytes.
Methods

Reagents and antibodies
Tissue culture reagents and secondary antibodies were purchased from Invitrogen; other reagents were from Sigma-Aldrich, unless stated. Purified LTA from S aureus and ultra pure lipopolysaccharide (LPS; Escherichia coli 0111:B4) were purchased from Invivogen. NSC23766 and U73122 inhibitors were from TOCRIS; the synthetic cell-permeable TIRAP inhibitor peptide (138-151) and all other signaling inhibitors were from Calbiochem. Antibodies were from BD PharMingen, with the following exceptions: the mouse anti-CCR5 (MC-5) was provided by Prof M. Mack (Department of Internal Medicine II, University of Regensburg, Germany) 19 ; rabbit anti-human lysosomal-associated membrane protein 1 (LAMP1) was from Dr Ashley Toye (Department of Biochemistry, University of Bristol, United Kingdom), 20 and anti-TLR2 clone T2.5 was purchased from eBioscience. Purified unlabeled or phycoerythrin (PE)-conjugated clone E11/19, a phospho-specific CCR5 antibody binding phosphoserine 349 in the cytoplasmic tail of CCR5 was from Biolegend. 21 Anti-human CCR1 or CCR2 antibodies and recombinant chemokines were purchased from R&D Systems.
Primary cell isolation and culture
Peripheral blood mononuclear cells were isolated from buffy coats of healthy donors (supplied by the National Blood Service, United Kingdom) by density centrifugation gradient with the use of lymphoprep (AxisShield). Monocytes were separated from lymphocytes by adherence 22 and cultured in RPMI containing 20mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), 10% fetal bovine serum (FBS; PAA), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2mM L-glutamine. Monocyte purity and CCR5 expression were assessed by flow cytometric analysis 12 hours after isolation, and experiments were performed 24 hours later. Macrophages were generated from monocytes by 10 days of culture in media containing 50 ng/mL macrophage colony-stimulating factor (PeproTech). Activated lymphoblasts were established from lymphocytes by 3 days of culture in 5 g/mL phytohemagglutinin followed by 10 days of culture in media containing 10 U/mL interleukin-2 (PeproTech).
Chemotaxis
Microchemotaxis assays were performed in 48-well chemotaxis chambers (Neuro Probe Inc) according to the manufacturer's protocol with the use of a 5-m polycarbonate filter. Monocytes incubated for 1 hour in buffer alone or with LTA were resuspended in RPMI with 0.1% bovine serum albumin at 1.6 ϫ 10 6 cells/mL and applied to the upper chamber. After 3 hours at 37°C in a 5% CO 2 incubator, transmigrated cells were counted with the use of a hemocytometer. When applicable, monocytes were preincubated for 30 minutes at 37°C with 30 g/mL anti-TLR2 monoclonal antibody or an equal concentration of an isotype-matched control antibody.
Calcium flux
Monocytes were loaded with 2.5M Fluo-8 AM (Stratech) before experiments were performed largely following the protocol described by Schepers et al 23 (see supplemental material, available on the Blood Web site; see the Supplemental Materials link at the top of the online article) on a CyAn flow cytometer (Beckman Coulter).
Down-modulation and endocytosis assays
Down-modulation assays were performed in binding media (BM: RPMI at pH 7.05 containing 2% bovine serum albumin). Cells were resuspended at 2 ϫ 10 6 cells/mL and incubated in BM alone or containing the indicated chemokine or bacterial compound for 1 hour at 37°C, transferred to ice, and labeled as described in "Cell labeling for flow cytometry." For endocytosis assays, monocytes were cooled to ice to prelabel cell-surface CCR5 receptors with the use of MC-5-biotin (5 g/mL) in BM for 90 minutes at 4°C, before being treated or not with CCL5 or LTA at 37°C for 1 hour and subsequently labeled with secondary antibody, as described below.
Cell labeling for flow cytometry
Treated cells were resuspended in ice-cold BM containing 25 g/mL human immunoglobulin G (IgG) to saturate Fc receptors before adding the relevant primary antibody (5 g/mL) and incubated for a further 2 hours at 4°C. Samples were washed, fixed in 3% formaldehyde (Polysciences Inc), and quenched in 50mM NH 4 Cl as previously described. 24 Cells were stained for 1 hour at room temperature (RT) with anti-mouse IgG biotinconjugated in fluorescence-activated cell sorting (FACS) buffer (phosphatebuffered saline [PBS] containing 1% FBS and 0.05% NaN 3 and 5 g/mL human IgG), then 1 hour with streptavidin-PE (1/500; BD PharMingen). Cell-associated fluorescence was measured by flow cytometry with the use of a FACSArray flow cytometer (BD Biosciences). Data were analyzed with FlowJo Version 8. 
Immunofluorescence staining for microscopy
Treated monocytes were fixed, quenched, and adhered onto poly-D-lysinecoated coverslips. Cells were permeabilized, and Fc receptors were blocked in PBS containing 0.05% saponin (PBS/Sapo), 1% FBS, and 5 g/mL human IgG. MC-5 (4 g/mL) was then added for 1 hour incubation at RT. Samples washed in PBS/Sapo were labeled with a biotin-conjugated goat anti-mouse secondary and stained with streptavidin-Alexa Fluor 594 or 647. For colocalization experiments, cells were labeled with MC-5 (IgG2a) and colabeled with anti-TLR2 (T2.5; IgG1, 5 g/mL), rabbit anti-LAMP1 (1/1000), or anti-transferrin receptor (H68.4; IgG1, 5 g/mL). Cells were then stained with Alexa Fluor 594-conjugated anti-mouse IgG2a or IgGs plus Alexa Fluor 488-conjugated anti-mouse IgG1 or anti-rabbit (4 g/mL). After washes in PBS/Sapo, coverslips were stained with DAPI (4Ј-6Ј-diamidine-2-phenylindole) and mounted in mowiol. Samples were examined with the use of a Zeiss LSM 510 confocal microscope with an Axiocam HRC camera; images were taken with a 63ϫ/1.4 NA Plan-apochromat oil objective and analyzed with Axiovision software Version 4.8 (Carl Zeiss Ltd) and assembled with Adobe Photoshop CS2.
Detection of CCR5 phosphorylation with the use of a phospho site-specific antibody
Monocytes were treated with CCL5 or LTA at 37°C, before being transferred to ice and fixed in 3% formaldehyde. For flow cytometric experiments, cells were permeabilized in ice-cold 90% methanol for 30 minutes on ice, washed in FACS buffer containing phosphatase inhibitors (Roche) for 10 minutes before staining for 1 hour with PE-conjugated anti-phospho-CCR5 E11/19. 25 For microscopy, fixed cells were stained with unlabeled E11/19 (5 g/mL) in the presence of phosphatase inhibitors, as previously described. 21 
Western blotting
Monocytes were resuspended in BM at a density of 2 ϫ 10 7 cells/mL, and 500 L of cell suspension was used for each sample. Cells were treated in BM alone or including CCL5 or LTA for 5 minutes at 37°C, before cell lysates were prepared, and nonreduced nonboiled samples were run on a 10% sodium dodecyl sulfate-polyacrylamide electrophoresis gel. After electrophoresis, proteins were transferred on nitrocellulose membranes, and Westerns were blotted with MC-5 (5 g/mL) and a goat anti-mouse horseradish peroxidase, as previously described. 26 
Data and statistical analyses
Data are expressed as the mean Ϯ SE of the stated number of experiments and were analyzed with GraphPad PRISM v5.03 with the use of analysis of variance or a Student paired t test, where appropriate.
Results
LTA blocks monocyte migration to CCL2 and CCL5 in a TLR2-dependent manner
To evaluate whether LTA could modulate the responsiveness of human blood monocytes to inflammatory chemokines, we performed chemotaxis assays. We assessed the dose-dependent chemotactic response of purified blood monocytes to the CCR2 ligand CCL2, or CCL5, a shared ligand for CCR1 and CCR5 ( Figure 1A ). The optimal chemotactic doses of 0.1-1 or 10nM were used for future experiments. We examined the effect of the microbial compound by preincubating or not monocytes with purified LTA before exposure to chemokines. Monocytes treated with LTA failed to migrate to CCL2 and CCL5 irrespective of the dose of chemokine they were exposed to ( Figure 1B ). We confirmed that our purified LTA from S aureus was a specific ligand for TLR2 by demonstrating its ability to trigger IL-8 secretion in HEK293 cells transfected with TLR2 but not TLR4 (supplemental Figure 1) . We demonstrated that the LTA-dependent block of migration involved TLR2 by repeating chemotaxis assays in the presence of a neutralizing anti-TLR2 monoclonal antibody ( Figure 1C ). TLR2 neutralization completely reversed the LTA effect for both CCL2 and CCL5, whereas the isotype control antibody did not have any effect. Our findings indicate that purified LTA from S aureus inhibits the migratory response of monocytes to CC chemokines by stimulation of its receptor TLR2.
LTA induces TLR2-dependent down-modulation of CCR1, CCR2, and CCR5
The inhibition described above could be explained by a simple functional inactivation of surface chemokine receptors or by their down-modulation. We first assessed changes in cell-surface expression of individual receptors by flow cytometry, comparing untreated to chemokine-or LTA-treated cells ( Figure 2 ). Figure 2A shows that each receptor was down-modulated after treatment with chemokine. As expected, CCL5, which acts as an agonist for CCR1 and CCR5, affected both receptors, whereas CCL2, which specifically activates CCR2, only affected this receptor. Importantly, we found that LTA treatment induced down-modulation of all 3 receptors, with levels comparable to chemokine-treated samples. Titration experiments showed that the LTA effect is concentration dependent ( Figure 2B ), and the extent of down-modulation appears to correlate with the level of TLR2 expression. Indeed, down-modulation experiments performed on monocyte-derived macrophages or T lymphoblasts ( Figure 2C) showed only minor or no effect of LTA on CCR5 surface expression for these 2 cell types that have very low or near undetectable levels of surface TLR2, respectively ( Figure 2D ).
Because CD14 and CD36 can function as coreceptors for TLR2-mediated signaling in response to LTA on human monocytes, 27 we investigated whether these molecules could contribute to chemokine receptor down-modulation. CD14 is an essential coreceptor for TLR4-mediated signaling in response to E coli LPS, and we used this property to test its participation in the LTA effect. We carried out a down-modulation assay on cells incubated with purified LTA or LPS for 1 hour or treated with LPS alone for 15 minutes before adding LTA to the cell suspension ( Figure 2E ). (C) Similar assays were carried out on monocytes exposed to 10nM CCL2 or CCL5 (f), pretreated with LTA in the presence of a neutralizing anti-TLR2 monoclonal antibody (u) or an isotype control antibody (Ⅺ). Assays were performed in duplicate; each graph represents the average result from N independent experiments. *P Ͻ .05, **P Ͻ .01, and ***P Ͻ .005.
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LTA induces PLC-dependent calcium flux with no effect on chemokine receptor signaling To address whether TLR2 stimulation could trigger functional inactivation of cell-surface chemokine receptors before downmodulation, we performed calcium flux assays. LTA has been shown to activate calcium-dependent responses by TLR2, including in blood monocytes. 10, 11 Indeed, we found that LTA induced a concentration-dependent calcium flux (supplemental Figure 2) . We confirmed that the sustained increase in cytosolic calcium was dependent on PLC and required mobilization of intracellular stores plus entry of extracellular calcium, because the membrane impermeable chelator EGTA (ethylene glycol tetraacetic acid) shortened the duration of the calcium response ( Figure 3A) . We then investigated the effect of LTA-induced calcium flux on the signaling activity of chemokine receptors. Figure 3B shows that CCL5 and CCL2 trigger very transient calcium flux in monocytes. Pretreatment of cells with LTA may increase the level of cytosolic calcium but does not prevent calcium mobilization in response to chemokines ( Figure 3C ). Only a long 1 hour of exposure to LTA, which we show down-modulates CCR1, CCR2, and CCR5 from the plasma membrane, strongly inhibited the chemokine-mediated calcium signal ( Figure 3D ). These experiments show that LTA does not act by inhibition of CCR1, CCR2, or CCR5 signaling activity.
Role of signaling pathways downstream of TLR2 in LTA-mediated down-modulation
To identify the link between TLR2 activation and chemokine receptor down-modulation, we initially focused on the established TLR2 MyD88-mediated pathway. MyD88 is a signaling adaptor protein that, in the case of TLR2, requires the contribution of another adaptor, TIRAP also called MAL, to interact with its , and samples were stained for cell-surface CCR1, CCR2, and CCR5; (n ϭ 2); *P Ͻ .05, **P Ͻ .01, and ***P Ͻ .005. cytoplasmic tail. 28 We used a cell-permeable TIRAP inhibitor peptide known to interfere with this signaling pathway in mouse and human cells. 29, 30 We confirmed the inhibitory activity of this peptide on monocytes by showing its ability to block the production of IL-6 in response to LPS stimulation, as previously described 30 (supplemental Figure 3) . Down-modulation experiments were then performed on cells incubated in BM alone or containing the TIRAP inhibitor for an hour before addition of LTA. Figure 4A shows that the inhibitory peptide was unable to prevent LTA-induced down-modulation of CCR1, CCR2, or CCR5, suggesting that the TIRAP/MyD88 pathway may not mediate crosstalk with these chemokine receptors. The small guanosine triphosphatase (GTPase) Rac1 has been involved in TLR2-mediated signaling, 31 in cooperation with or independently of MyD88. 8, [32] [33] [34] Indeed, transient activation of Rac was detectable in LTA-treated monocytes (supplemental Figure 4A-B) . To test a possible role of Rac1 in LTA-mediated chemokine receptor down-modulation we used a small molecule inhibitor (NSC23766) targeting Rac1 activation by a Rac1-specific guanine nucleotide exchange factor. 35 For these experiments, monocytes were cultured overnight in the presence of the cell permeable inhibitor NSC23766 or left untreated, as previously published. 36 NSC23766 treatment did not affect the cell-surface expression of CCR1, CCR2, and CCR5 (supplemental Figure 4C) or their down-modulation on chemokine stimulation but significantly reduced the effect of LTA ( Figure 4B ). These findings suggest specific participation of Rac1 in the crosstalk between LTA-stimulated TLR2 and chemokine receptors.
To further assess the involvement of these pathways, we performed experiments on samples treated with inhibitors targeting kinases involved downstream of Rac1 and/or the TLR adaptor proteins, [37] [38] [39] but the use of phosphatidylinositol-3 kinase, mitogenactivated protein/extracellular signal-related kinase kinase, p38 mitogen-activated protein kinase, c-Jun N-terminal kinase (JNK), or protein kinase C (PKC) inhibitors did not significantly interfere with either chemokine-or LTA-induced down-modulation (Table  1 ; Figure 4C ). On the contrary, p38 and JNK inhibition selectively increased the LTA effect. Interestingly, we found that phorbol 12-myristate 13-acetate (PMA), an activator of PKC and non-PKC phorbol ester-binding proteins, 40 specifically inhibited the effect of LTA on CCR2 and CCR5 (Table 1; Figure 4C ). Finally, we investigated whether the calcium-dependent signaling pathway activated by TLR2 could be involved by performing assays in the 
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LTA induces internalization of CCR5 but not TLR2
Because LTA appeared similarly competent to chemokine in triggering receptor down-modulation, we asked whether the 2 processes involved the same mechanisms. We used an anti-CCR5 antibody (MC-5), known not to impede CCR5 trafficking, 26 to analyze the behavior of MC-5-bound receptors during CCL5 or LTA treatment. Immunofluorescence experiments indicated that CCR5 receptors labeled on the plasma membrane before either CCL5 or LTA treatment relocated to an internal compartment in the perinuclear area of the cells ( Figure  5A ). We then carried out endocytosis assays on MC-5 prelabeled cells analyzed by flow cytometry. 24 We found that the rate of internalization was slower for LTA-than for CCL5-treated cells ( Figure 5B ). On average, 18% and 29% of MC-5 surface staining was lost with LTA after 10 and 30 minutes, respectively, compared with 43% and 53% with CCL5. However, by 60 minutes the difference between LTA-and CCL5-treated cells was negligible ( Figure 5C ). As previously published studies have described internalization of TLR2 into early endosomes, 27 we checked whether co-internalization of CCR5 with TLR2 occurred, but TLR2 appeared exclusively located on the cell surface and its distribution did not change on LTA treatment ( Figure 5D ).
CCR5 molecules internalized on LTA treatment follow the pathway of chemokine-treated receptors
To determine whether the route of transport and fate of internalized receptors might differ in cells treated with CCL5 or LTA, we performed immunofluorescence experiments to colocalize CCR5 with markers of the endocytic pathway as previously described. 19, 26 We examined the subcellular distribution of internalized CCR5 molecules in CCL5-and LTA-treated monocytes ( Figure 6A ; supplemental Figure 5 ). MC-5-labeled monocytes were costained after treatment for markers of early endosomes (EEA1), early and recycling endosomes (transferrin receptor, TfR), or lysosomes (LAMP1). With CCL5-treated monocytes, CCR5 appeared in EEA1 containing early endosomes by 15 minutes, whereas in LTA-treated cells CCR5 only overlapped with EEA1 after 60 minutes ( Figure 6A ). Similar observations were made for the TfR ( Figure 6A ). In both conditions, CCR5 was mainly distributed in early endosomes containing the TfR, detected as peripheral vesicles near the plasma membrane or as a dense perinuclear compartment corresponding to the recycling endosomes. In contrast, there was no colocalization of CCR5 with the lysosomal marker LAMP1, indicating that neither chemokine treatment nor LTA-dependent Monocytes were pretreated with vehicle (DMSO or H2O) or signalling modulator for 30 minutes at 37°C before addition of 100nM CCL2, CCL5, 10g/mL LTA or BM alone and a further incubation of 1 hour. Cell-surface levels of CCR2 or CCR5 were determined by flow cytometry as described in "Methods." Results from N independent experiments performed in triplicate are expressed as the percentage of downmodulation Ϯ SD.
Downmod indicates downmodulation; PI3K, phosphatidyl inositol-3 kinase; MAPKK, mitogen-activated protein kinase kinase; MEK, mitogen-activated protein/extracellular signal-related kinase kinase; and PI, phosphatidylinositol. activation of TLR2 target CCR5 for degradation ( Figure 6A ; supplemental Figure 5 ).
␤-Arrestin 1 and 2 act as clathrin adaptors for endocytosis of GPCRs and are required for internalization of phosphorylated CCR5 after chemokine binding. 41 Figure 6B shows that ␤-arrestin 1 and 2 are located in the cytoplasm of untreated cells and become membrane associated on CCL5 or LTA treatment. An overlap between CCR5 and ␤-arrestin is seen with CCL5-stimulated monocytes from 3 minutes after the addition of the chemokine; the 2 molecules colocalize mainly in peripheral vesicles just under the plasma membrane ( Figure 6B) . By 60 minutes, endocytized CCR5 remained colocalized with ␤-arrestins but in the perinuclear area of the cell corresponding to the recycling compartment. However, at 3 minutes LTA-treated cells still displayed cell-surface MC-5 staining and no overlap with ␤-arrestins ( Figure 6B ). Only after 60 minutes of LTA stimulation did CCR5 and ␤-arrestins colocalize in peripheral and perinuclear structures. This, together with our earlier findings, suggests that TLR2 stimulation recruits the machinery used for ligand-dependent down-modulation of CCR5 and highlight a shared pathway of endocytosis between ligand-treated and TLR2-desensitized CCR5, albeit with different kinetics.
Phosphorylation of CCR5 molecules internalized after LTA stimulation
CCR5 internalization in response to chemokine stimulation requires GRK phosphorylation of a serine residue (S349) in the cytoplasmic tail of the receptor. 21, 42 We have previously reported that phosphorylation of chemokine-treated CCR5 is visible by Western blotting as a decrease in the electrophoretic mobility of CCR5 in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 26 Figure 7A shows a representative Western blot of total lysates from monocytes incubated for 5 minutes at 37°C in BM alone, with CCL5 or LTA. In all experiments, a slight molecular shift was observed between untreated and CCL5-treated samples, but this was not seen with LTA, suggesting that activation of TLR2 may not trigger CCR5 phosphorylation. To investigate this further, we assessed CCR5 phosphorylation by flow cytometry with the use of a phospho-specific antibody targeted against Serine 349 (p-S349). 21 At the early time point of 15 minutes after adding the stimulant, only the CCL5-treated samples stained positively for p-S349 ( Figure 7B ). By 60 minutes, CCL5 and LTA samples were both labeled for p-S349 but with fewer positive cells than CCL5-treated samples at 15 minutes ( Figure 7C ). We then used the same antibody by immunofluorescence to localize phosphorylated CCR5 in permeabilized cells ( Figure 7D ). As with flow experiments, only CCL5-treated cells show staining above background after 15 minutes, whereas CCL5 and LTA-treated cells were stained for p-S349 CCR5 after 60 minutes. In both cases, phospho-CCR5 was distributed to intracellular organelles located in the peripheral cytoplasm close to the plasma membrane and in a perinuclear cluster, confirming internalization of CCR5 receptors phosphorylated on the GRK-specific site S349 ( Figure 7D ). These results show that CCR5 down-modulation in response to TLR2 activation by LTA occurs by slow internalization of phosphorylated CCR5 molecules, compared with ligand-treated cells.
Because we found that PLC inhibition and phorbol ester treatment interfered with LTA-induced CCR5 down-modulation, we assessed whether U73122 and PMA acted directly on the receptor by staining for phospho-CCR5 in the presence of these drugs ( Figure 7E ). Cells labeled after 60 minutes of LTA treatment with either of the drugs were poorly labeled with the p-S349 CCR5-specific antibody compared with CCL5-treated cells, indicating that PLC and PMA specifically affect CCR5 phosphorylation in response to LTA.
Discussion
There is increasing evidence for crosstalk between TLR and chemokine receptors on cells from the innate immune system, suggesting a coordinated action of these receptors for microbial recognition. Whether such communication is part of a normal protective immune response or reflects the ability of microbes to hijack the system remains controversial and may depend on the microbial component considered and the receptors involved. For example, it has been suggested that CXCR4/TLR2 crosstalk impairs host defense against Porphyromonas gingivalis and TLR2/ CXCR2 cross-regulation may have a detrimental role in polymicrobial sepsis, whereas a TLR2 ligand has been shown to repress inflammation by modulating CCR1, CCR2, and CCR5 expression 
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BLOOD, 10 FEBRUARY 2011 ⅐ VOLUME 117, NUMBER 6 For personal use only. on November 13, 2017 . by guest www.bloodjournal.org From in vivo. 12, 13, 43 Most of these observations were made several hours after mice infection or systemic treatment with a TLR2 ligand and were due to chemokine receptor down-regulation. This is a slow process referring to a decrease in total number of chemokine receptors because of a halt in receptor gene expression plus degradation of existing receptor molecules. 44 Here, we demonstrate in human monocytes that crosstalk between TLR2 and chemokine receptor pathways can occur within minutes of TLR2 stimulation by LTA from S aureus. LTA does not act by functionally inactivating CCR1, CCR2, and CCR5 at the cell surface but by inducing progressive down-modulation of these receptors. Our flow cytometric experiments, chemotaxis assays, and morphologic analyses indicate that the TLR2-dependent crossregulation of the chemokine receptors involves PLC-and Rac1-mediated events, is inhibited by phorbol esters and leads, in the case of CCR5, to activation of the intracellular machinery used to support chemokine-dependent receptor endocytosis. To our knowledge, this is the first pathway of heterologous desensitization identified for chemokine receptors in primary human cells with a clear functional significance. Blood circulating monocytes contribute to antimicrobial defense by migrating to sites of infection in response to inflammatory chemokines, where they respond to microbial stimuli by secreting cytokines and killing phagocytosed pathogens. 5 Therefore, inhibition of monocyte migration by microbial components seems logical to retain infiltrating monocytes at the site of infection. Interestingly, our experiments show a correlation between the level of TLR2 expression and the degree of LTA-induced down-modulation on motile monocytes and largely immobile monocyte-derived macrophages. It is possible that the cross-modulation of inflammatory chemokine receptors we describe might be part of a complex process leading to monocyte arrest in response to pathogen recognition. Note that a TLR2-mediated TIRAP/MyD88-independent pathway involving Rac1 as well as a calcium-dependent pathway involving PLC-promoting monocyte adhesion and arrest have been described. 8, 45 Recent studies have suggested the importance of coreceptors in TLR2 activity, including CD14 contributing to the binding of LTA and CD36 being required for phagocytosis of S aureus. 7, 46, 47 However, in our study cell treatment with LPS or a neutralizing CD36 antibody did not alter the effect of LTA, indicating that CD14 or CD36 are unlikely to be involved in TLR2-mediated crossregulation of CCR1, CCR2, and CCR5. As for other GPCRs, heterologous desensitization and downmodulation of chemokine receptors is thought to occur either through direct physical association with other cell-surface receptors and sometimes co-internalization, or indirectly by signaling crosstalk acting on heterotrimeric G proteins or molecules regulating GPCR surface expression. 18, 48 Here, we show that TLR2 does not co-internalize with CCR5 on LTA treatment and have evidence that LTA treatment does not affect the level of TLR2 expression at the cell surface (data not shown), suggesting an indirect connection between the 2 types of receptors. Our experiments after calcium responses to chemokines indicate that LTA does not trigger rapid G protein uncoupling, but experiments that used specific inhibitors highlight a crosstalk through downstream signaling events involving the small GTPase Rac1, PLC, and a phorbol ester binding protein. Although we were able to show that PLC and PMA acted on CCR5 phosphorylation, the mechanism by which Rac1 contributes to cross-down-modulation remains unclear. While PMA is a PKC-activating reagent, it also affects non-PKC-mediated events through other kinases or nonkinase molecules containing C1 domains that our study cannot tell apart. 49 In fact, PMA mimics the action of the second messenger diacylglycerol generated by PLC and can activate any diacylglycerol-binding protein, including protein kinase D, diacylglycerol kinase, and lipid-regulated Rac GTPase-activating proteins called chimaerins. 49 Interestingly, the ␤2 isoform of chimaerins has been shown to be activated by PMA and to act in cells by limiting Rac1 signaling. 50, 51 This may explain the PMA effect observed in our study and confirm the importance of Rac activation in the crosstalk, although further investigations will be needed to ascertain this hypothesis. The lack of inhibition seen on TIRAP, mitogen-activated protein/extracellular signalrelated kinase kinase, p38 mitogen-activated protein kinase, and JNK blockade support the idea that the standard TIRAP/MyD88 pathway is not involved. This is not unique; recent publications have described cases of TLR2-mediated but TIRAP/MyD88-independent responses to bacteria. 8, 52 Our findings would rather point toward a role of the TLR2 calcium-activated pathway in driving the crosstalk, but further studies will be required to elucidate how.
Our investigations into the mechanisms mediating CCR5 downmodulation show that CCL5 and LTA trigger CCR5 phosphorylation on a known GRK-specific site, 21 followed by internalization of cell-surface receptors into the early endocytic pathway with accumulation of ␤-arrestin-bound receptors in recycling endosomes. This indicates that TLR2 stimulation switches on the machinery responsible for agonist-mediated internalization, but with reduced efficacy because all the LTA-triggered events occur at a slower rate. Importantly, these experiments provide the first demonstration that CCR5 remains associated with ␤-arrestins during its transport along the endocytic pathway and for the first time identify CCR5 as a class B GPCR. 53 Although there may be several explanations for the delay in CCR5 phosphorylation and internalization, we can exclude 2 mechanisms: (1) the need of new protein synthesis because brefeldin A, which inhibits transport from the Golgi, did not block LTA effects (supplemental Figure  6C) ; (2) a down-regulation of the GPCR machinery as for mouse neutrophils, 54 because protein levels of GRK2/3 and ␤-arrestins remained unchanged after LTA stimulation (data not shown). We also excluded an autocrine effect by chemokines produced in response to TLR2 activation, because CCL5 secretion was undetected and only picomolar concentrations of CCL2 and CCL3 were measured after an hour of treatment, not enough to trigger down-modulation (supplemental Figure 6A-B) . In addition, blocking secretion with brefeldin A, or transferring the supernatant of LTA-treated monocytes to fresh cells when TLR2 activation was prevented by neutralizing antibodies, did not trigger downmodulation (supplemental Figure 6C-D) . Our aim is now to uncover which component(s) of the intracellular machinery mediating agonist-dependent endocytosis might be the target(s) of TLR2/ Rac1/PLC signals.
The discovery of an endogenous desensitization pathway from TLR2 toward inflammatory chemokine receptors modulating the chemotactic activity of human monocytes underpins the physiologic relevance of chemokine receptor cross-regulation. It certainly would be a useful process for monocytes to rapidly tune their responsiveness to chemokines. If blood monocytes move along chemotactic gradients to reach sites of infection, they may have to pause on sensing components of the infectious agent; inducing chemokine receptor down-modulation could be the way to achieve this. Unlike the long-term stimulation of TLR2 described by McKimmie et al, 12 which triggers a permanent change in monocytes by inducing loss of CCR1, CCR2, and CCR5, a short stimulation as described here could bring a temporary change in monocyte behavior by only affecting cell-surface receptor expression and being reversible. These observations highlight the importance of time and concentration thresholds in the way monocytes modulate chemokine receptor activity in response to bacterial stimuli.
